The dwarf tomato variety Micro-Tom is regarded as a model system for functional genomics studies in tomato. Various tomato genomic tools in the genetic background of Micro-Tom have been established, such as mutant collections, genome information and a metabolomic database. Recent advances in tomato genome sequencing have brought about a significant need for reverse genetics tools that are accessible to the larger community, because a great number of gene sequences have become available from public databases. To meet the requests from the tomato research community, we have developed the Micro-Tom TargetingInduced Local Lesions IN Genomes (TILLING) platform, which is comprised of more than 5000 EMSmutagenized lines. The platform serves as a reverse genetics tool for efficiently identifying mutant alleles in parallel with the development of Micro-Tom mutant collections. The combination of Micro-Tom mutant libraries and the TILLING approach enables researchers to accelerate the isolation of desirable mutants for unraveling gene function or breeding. To upgrade the genomic tool of Micro-Tom, the development of a new mutagenized population is underway. In this paper, the current status of the Micro-Tom TILLING platform and its future prospects are described.
Introduction
Tomato (Solanum lycopersicum) is an important vegetable crop that is commercially valuable worldwide. It is also a model plant of Solanaceae species because of its relatively small genomic size (950 Mb) and well-conserved genome organization (e.g., chromosome number) with other solanaceous plants (Hille et al. 1989 , Van der Hoeven et al. 2002 . Additionally, as tomato bears berry-type fruits, it is widely used for studying many aspects of fruit biology including development, ripening and metabolism (Carrari and Fernie 2006) . A genome project has been advanced for tomato and its genome was entirely sequenced by the International Solanaceae Genomics Project (SOL). A comprehensive database including the majority of the tomato genome sequence and a large number of expressed sequence tags (ESTs) is presented through the Solanaceae Genomics Network (SGN) website (http://solgenomics.net/) (Bombarely et al. 2011) . The genome information for mining target gene sequences is now available from the public database. It is also important to characterize candidate genes harboring roles in attractive tomato-specific traits. Combining the genome information and mutant resources is an effective and valuable strategy for accelerating functional genomics studies.
A dwarf tomato variety Micro-Tom has been extensively used for functional genomic studies because of its attractive features such as small plant size, a short life cycle and the existence of functional genomic tools. Micro-Tom also has an efficient transformation system, a metabolite database, a cDNA database, a genetic map with DNA markers and a mutant database (Aoki et al. 2010 , Iijima et al. 2008 , Shirasawa et al. 2010 , Sun et al. 2006 . The features of Micro-Tom make it possible to carry out large-scale mutant screening, even in limited spaces including greenhouses or growth chambers. It has been reported that MicroTom can be grown at high density, i.e., up to 1357 plants/m 2 (Meissner et al. 1997) . The Micro-Tom mutants are applicable to breeding programs for an efficient exploration of favorable agronomic traits as germplasm lines.
In recent years, the Micro-Tom TILLING (TargetingInduced Local Lesions IN Genomes) platform has been developed as a reverse genetics tool of tomato that provides an opportunity to isolate novel mutant alleles for functional genomic studies and breeding (Okabe et al. , 2012 . TILLING technology was initially reported as a highthroughput reverse genetics tool for screening mutants. This technique was reported by McCallum et al. (2000a McCallum et al. ( , 2000b . TILLING enables researchers to efficiently identify induced point mutations that are caused by chemical mutagens, such as ethyl methanesulfonate (EMS) in a large-scale mutant population of Arabidopsis. Although RNA interference and insertional mutagenesis by T-DNA or transposon tagging are effective reverse genetic tools for investigating gene function, their availability is often restricted to plant species harboring an efficient transformation system (Baulcombe 2004 , Hirschi et al. 2003 . The TILLING approach has several advantages compared to other reverse genetic tools. (1) EMS has been known to induce point mutations randomly in the whole genome, which makes it possible to produce a broad spectrum of mutant alleles, including loss-of function mutations such as truncations, splice junction mutations and leaky alleles, without performing plant transformation. (2) The TILLING approach could be applied to any plant species, and several mutants can be obtained from a relatively small-scale mutant population that contains on the order of 10 3 individuals (Emmanuel and Levy 2002) . (3) Mutant alleles isolated by TILLING and the identified mutations can be directly used in breeding programs as parental germplasm materials or markers, because they are non-transgenic and the induced mutation is stable.
A number of agronomically important mutants in crop species have been identified by TILLING, such as the wheat waxy mutant alleles and the SBE IIa mutant alleles that display altered amylose content (Botticella et al. 2011 , Slade et al. 2005 , 2012 , the potato granule-bound starch synthase I (waxy) mutant allele that produces high-amylopectin starch in the tuber (Muth et al. 2008) , the Brasica napus FAE1 mutant allele that results in the altered content of erucic acid in the seed oil (Wang et al. 2008 ) and the melon CmACO1 mutant that produces fruit with enhanced shelf life (DahmaniMardas et al. 2010) . By using a combined biochemical screen and TILLING approach, acyanogenic lines suitable for forage production have been successfully identified in Sorghum bicolor (Blomstedt et al. 2012) . The TILLING technology was initially developed for use in functional genomic studies; it has now become a valuable tool in crop breeding for improving desirable traits in various species.
This review on TILLING technology discusses techniques for discovering induced point mutations from mutant populations and the current status of the platform in tomato. The review then focuses on the potential for the Micro-Tom TILLING platform in molecular breeding programs in tomato.
TILLING techniques for discovery of induced mutations
Several types of systems and methods have been reported for identifying point mutations. The denaturing high performance liquid chromatograpy (dHPLC) method was first reported as an original TILLING method that involves the generation of an Arabidopsis EMS mutant population, DNA isolation and pooling, PCR amplification of the target region, heteroduplex formation and identification of the heteroduplex (McCallum et al. 2000b) . Although it was an automatic system, it was not feasible to scale up the method for high-throughput screening (Henikoff et al. 2004) . Subsequently, the dHPLC method was replaced by the LI-COR DNA analyzer system, including PCR amplification with infra-red dye-labeled primers, digestion of heteroduplex DNAs using single strand-specific endonuclease CEL I (Oleykowski et al. 1998) , followed by polyacrylamide electrophoresis and visualization of mutations (Colbert et al. 2001) . The TILLING procedure with the use of single strand-specific endonuclease has been widely used in detecting mutations because of its cost-effectiveness and detection sensitivity. In addition, an alternative enzyme of CEL I, Arabidopsis endonuclease 1 (ENDO1), has been used in several TILLING platforms (Dahmani-Mardas et al. 2010 , Minoia et al. 2010 , Triques et al. 2007 ). The advantages of ENDO1 include the higher sensitivity for recognizing mismatches in DNA strands and the simple expression and purification method of the recombinant ENDO1 protein , Triques et al. 2007 . Alternative techniques without the enzymatic procedure and use of expensive reagents (i.e., labeled primers) were reported, such as high resolution DNA melting analysis (HRM) and conformation-sensitive capillary electrophoresis (CSCE) (Botticella et al. 2011 , Gady et al. 2009 ). Although LI-COR/ENDO1 (CEL I) is regarded as a very efficient system for detecting mutations, time-consuming steps such as endonuclease digestion, sample purification and polyacrylamide gel electrophoresis are required. By contrast, when using the HRM and CSCE technologies, the only procedure required is the PCR amplification of the region of interest before analysis of the sample. The HRM method performs melting-curve analysis of PCR products intercalated with a fluorescent dye (LCGreen Plus+) by using LightScanner to discriminate the melting temperature difference between heteroduplex DNA and homoduplex DNA (Botticella et al. 2011 , Gady et al. 2009 , Ishikawa et al. 2010 . The CSCE method detects the difference in the migration speed of heteroduplex DNAs compared to homoduplexes. A typical read length of HRM and CSCE is PCR fragments of 200-500 bp, which is shorter than the LI-COR/ENDO1 technology, which can screen a region of up to 1.5 kbp, or even up to 1.8 kb (Okabe Y, personal communication) . When screening specific regions in genes of interest, such as functional domains, motifs and segmented short exons, HRM is efficient and cost-effective. HRM has been successfully employed as a high-throughput method for mutation discovery in tomato, wheat and Medaka (Botticella et al. 2011 , Gady et al. 2009 , Ishikawa et al. 2010 ). An alternative TILLING system that combines agarose gel electrophoresis and CEL I nuclease or CEL I-like nuclease from Brassica petiole has been constructed in soybean and rice, as a low-cost system without expensive equipment (Hoshino et al. 2010 , Sato et al. 2006 . The system in soybean enables a single person to screen approximately 6000 independent mutant lines in 1 day (Anai 2012) .
In recent years, next-generation sequencing (NGS) technology has been applied to identify induced mutations in model plant and crop species including Arabidopsis, rice, wheat, tobacco and tomato (Reddy et al. 2012 , Rigola et al. 2009 , Tsai et al. 2011 , Uchida et al. 2011 . Rigola et al. (2009) first reported a TILLING approach using the Keypoint technology. They employed the Roche 454 GS FLX system and sequenced 28 pooled DNA samples isolated from 15,000 M 2 plants representing 3008 M 2 families in tomato. This was achieved by using a three-dimensional (3D) pooling strategy with 12 or eight DNA samples on each axis (e.g., x, y and z axis with 12, 8 and 8 samples, respectively) for screening EMS-induced mutations in a targeted 287 bp region of the SleIF4E gene. They obtained a total of 667,864 sequencing reads with an average read length of 254 bases per single run and identified two mutations through the use of a bioinformatics pipeline. The Illumina GA II platform has also been applied to TILLING in rice and wheat (Tsai et al. 2011) . These authors took advantage of a multidimensional pooling strategy for screening induced mutations in the same manner as the GS FLX system. A DNA sample of 768 individuals was used for searching new mutations in rice (Till et al. 2007 ) and wheat (Uauy et al. 2009 ) mutant populations composed of 768 individuals, which were previously characterized by using CEL I-based TILLING screening. A number of new mutations, several previously identified mutations, and some false-positives were successfully identified by the NGS-based approach. This platform could sequence 40 million reads of 40 bp lengths (i.e., 1,600,000 kb of sequence) with a desired coverage of 2500 per base for the number of 1.5 kb targets amplified from a pool of 96 individuals in a single lane. In current applications of NGS-based TILLING, targeted PCR products amplified from mutant DNA pools have been sequenced, because the cost of sequencing the whole genome of mutant populations is still prohibitive. These studies demonstrate that the TILLING approach is constantly evolving with the advent of new technology that engenders greater efficiency in high-throughput screening.
TILLING platform in tomato
To date, TILLING platforms have been developed in several crop species including rice , Till et al. 2007 ), soybean (Cooper et al. 2008) , maize , tomato (Gady et al. 2009 , Minoia et al. 2010 , melon (Dahmani-Mardas et al. 2010 , González et al. 2011 , wheat (Slade et al. 2005) and barley (Caldwell et al. 2004 , Talamè et al. 2008 . These studies report that TILLING is an efficient tool for mutation discovery in crop species, similarly as in Arabidopsis.
In tomato, four independent TILLING platforms that consist of a variety of genetic backgrounds (i.e., M82, Micro-Tom, Red Setter and TPAADASU) have been developed by different groups (Table 1 ). M82 has frequently been used for tomato genetic analysis during the past decade, because the genetic tools, including high-quality mutant population, linkage map, and DNA marker and introgression lines, are now available Zamir 1994, Menda et al. 2004) . To efficiently generate a saturated tomato mutant population, EMS has been widely used as an effective mutagen. Mutagenesis using 0.5-1.0% EMS has been frequently reported in tomato and the resu1ts suggest that 1.0% EMS is regarded as an appropriate condition for mutagenizing tomato seeds in several varieties. The mutation frequency of the TILLING platform ranges from one mutation per 322-737 kb. Several novel mutant alleles have been identified from a tomato EMS mutant population using the TILLING approach. Piron et al. (2010) successfully isolated a novel potyvirus-resistant mutant, namely the SleIF4E1 allele. Jones et al. (2012) isolated SlDET1 mutant alleles, which are allelic to high pigment 2 (hp2), for improving the nutritional quality of fruit. They were screened from a M82 EMS mutant population developed by Menda et al. (2004) . Gady et al. (2012) isolated phytoene synthase (Psy1) mutant alleles from a TPAADASU EMS-mutagenized population, namely SlPsy1 P192L and W180stop lines, which are leaky and knockout alleles, respectively. We have previously isolated novel mutant alleles of an ethylene receptor Solanum lycopersicum ETHYLENE RESPONSE 1 (SlETR1) gene, Sletr1-1 and Sletr1-2, by using the Micro-Tom TILLING platform. This study provided novel parental germplasm for improving fruit shelf life in tomato . These reports demonstrated that the tomato TILLING platform is a valuable tool for molecular breeding of desirable traits. In a recent advance of our project, we upgraded the (Table 2) . Mutation frequency was calculated as follows: total screened length per total number of mutations that represents the length of nucleotide which contains one mutation. And average number of alleles was calculated as follows: total number of mutant lines per mutation frequency. Preliminary tests estimate that an average of 5.8 alleles (2180 lines/ 1710 kb + 872 lines/737 kb + 2033 lines/600 kb = 5.8 alleles) per kb is obtained when screening 5000 EMSmutagenized lines. The average number of mutant alleles per screening of 1 kb in other tomato platforms is 1.5-2.0 times higher in M82 (4759 lines/574 kb = 8.3 alleles), Red Setter (3885 lines/574 kb + 1284 lines/322 kb = 10.8 alleles) and TPPADASU (8225 lines/737 kb = 11.2 alleles). However, the performance of the Micro-Tom TILLING platform will reach similar levels to other tomato platforms by continuous efforts to improve the quality of the platform.
Potential of the Micro-Tom TILLING platform in tomato breeding
During the past decade, Micro-Tom has been recognized as an attractive material for functional genomics studies as described in a large number of articles (Aoki et al. 2010 , Emmanuel and Levy 2002 , Matsukura et al. 2008 , Meissner et al. 1997 . The availability of Micro-Tom for tomato breeding has been recognized because of its clear advantages and potentials. In our routine experiments, Micro-Tom has been routinely managed at approximately 100-200 plants/m 2 and can also be managed at a maximum density of 1357 plants/m 2 (Meissner et al. 1997 ). By contrast, common tomato cultivars may be grown at a maximum density of approximately 4 plants/m 2 . With respect to the cultivation management in a greenhouse, the working efficiency could increase 20-fold (i.e., up to 300-fold) per unit area by the use of Micro-Tom. This advantage would accelerate breeding programs for an efficient screening of desired agronomic traits. In a case study, we reported that the combination of a Micro-Tom EMS-mutant library and the TILLING technology was useful for efficiently obtaining genetic variation in fruit shelf life by manipulating an ethylene receptor gene SlETR1 (Okabe et al. , 2012 . Several new allelic mutants of indole-3-acetic acid 9 (iaa9) that produce parthenocarpic fruits at a high rate were identified from EMS-induced and γ-ray irradiated Micro-Tom mutant populations . Additionally, some agronomically important traits in tomato (e.g., fruit set, fruit ripening, fruit development and carbohydrate metabolism) have been studied using Micro-Tom as a model system (Itkin et al. 2009 , Obiadalla-Ali et al. 2004 , Serrani et al. 2007 , Vrebalov et al. 2009 , Wang et al. 2009 , Yin et al. 2010 . These studies revealed that agronomically important genetic traits are not greatly altered in Micro-Tom, as compared with other common cultivars. In support of this, Carvalho et al. (2011) reported the development of MicroTom near isogenic lines (NILs) that introgressed a suite of hormonal and photomorphogenetic mutant alleles relevant to auxin sensitivity or endogenous levels of auxin, ethylene, abscisic acid, gibberellin, brassinosteroids and light responses, which were originally identified in wild relatives or spontaneous mutants of common cultivars. They observed expected phenotypes including altered hormonal and light responses in the NILs, indicating that the genetic background of Micro-Tom did not affect the expression of mutant phenotypes. These results demonstrate that Micro-Tom is applicable to conduct breeding of common tomato cultivars. Because mutant screening and evaluation of the phenotype will be synergistically advanced by combining a MicroTom mutant library and the TILLING platform, the MicroTom TILLING platform will become an alternative tool for improving agronomically important traits in tomato in mutant-based breeding.
Future prospects
Several TILLING methods for identifying induced mutations have been developed; they have advantages and disadvantages depending on each situation and the experimental goals. The low-cost TILLING methods, such as HRM and agarose-gel-based system, are suitable for setting the initial TILLING platform because there is no requirement to prepare special equipment for the detection of mutations.
The NGS platform is regarded as one of the most highthroughput screening systems. This tool could be applied in addition to conventional TILLING methods with decreasing sequencing costs. A next approach may be resequencing mutant lines using NGS and in silico procedures will gradually be employed in TILLING. Emerging technologies will enable rapid recovery of allelic series of target genes from mutant populations without time-consuming steps. Thus, highquality Micro-Tom mutant resources would be increasingly valuable. Currently, to further improve the availability of the Micro-Tom TILLING platform, we intend to increase the scale of mutant populations by developing double EMS- Table 2 ). The goal in our study is to upgrade the Micro-Tom TILLING platform to a nearly-saturated level composed of 7000-9000 lines, which will enable us to obtain more than 10 alleles per kb. Because the TILLING platform has been closely linked to the Micro-Tom mutant database TOMATOMA (http://tomato.nbrp.jp/indexEn.html), additional mutant populations will become beneficial resources for both forward-and reverse genetic studies and provide opportunities to obtain more novel mutants and allelic variations of target genes. Also, the mutant screening of several genes involved in important traits is currently underway. A large number of important new alleles could be identified from the Micro-Tom mutant population by the TILLING approach. Because there is a growing demand for public access to the tomato TILLING platform to recover desirable mutants, we will continuously upgrade the MicroTom TILLING platform. 
